In order to be able to fully understand the vibrational dynamics of monosaccharide sugars, we started with hydroxyacetone CH 2 OHCOCH 3, and glycolaldehyde CH 2 OHCOH, which are among the smallest molecules that contain hydroxyl and carbonyl group on neighboring carbon atoms. This sterical configuration is characteristic for saccharides and determines their biochemical activity. In this work vibrational analysis of hydroxyacetone was undertaken by performing the normal coordinate analysis for glycolaldehyde first, and transferring these force constants to hydroxyacetone. The observed Raman and infrared bands for 90 wt.% solution of hydroxyacetone in water (acetol) were used as a first approximation for the bands of free hydroxyacetone. The number of observed Raman and infrared bands for acetol exceeds the number of calculated values for the most stable hydroxyacetone conformer with C s symmetry, which suggests more than one conformer of hydroxyacetone in water solution. In particular, there are two bands both in infrared (1083 and 1057 cm −1 ) and in Raman spectrum (1086.5 and 1053 cm −1 ) that are assigned to the CO stretching mode and this is one of the indicators of several hydroxyacetone conformers in the solution. Additional information was obtained from low temperature Raman spectra: at 240 K a broad assymmetric band centered around 280 cm −1 appears, suggesting a disorder in the orientation of hydroxyl groups. Glassy state forms at ∼150 K. The broad band at 80 cm −1 is assigned to frozen torsions of hydroxymethyl groups.
Introduction
Our knowledge of cellular molecular organization has advanced rapidly in recent years [1] and [2] . In particular, carbohydrates gained on significance since not only they serve as energy storage, participate in the building of DNA and RNA and are structural elements in plants' cell walls [3] , but also bind with proteins to form glycoproteins and proteoglycans and thus influence cell growth and maturization of specialized tissue. They also form sophisticated extracellular matrices throughout the organism [4] and [5] .
Glycolaldehyde at room temperature appears in the form of a dimer (2,5-dihydroxy-1,4-dioxane) which crystalizes in a mixture of two phases, α and β, as found by Kobayashi et al. [12] . The symmetry of these crystal phases as well as molecular conformation in each of them has not been determined yet by X ray crystallography, but the infrared and Raman study of Kobayashi et al. [12] suggests the trans axial position of two OH groups in the phase α, and their equatorial position in the phase β. Previous research on glycolaldehyde that employed vibrational sectroscopy includes the work of Michelsen and Klaboe [13] , infrared matrix isolation study of Aspiala et al. [14] , and, more recently, Yaylayan et al. studied transformation of glycolaldehyde with temperature and in different solvents [15] . Quite a few NMR studies were done on glycolaldehyde [9] , [10] , [11] , [16] , [17] , [18] and [19] and one on hydroxyacetone in aqueous solutions [20] . Whereas glycolaldehyde exhibits really complicated behavior in water, methanol and dimethyl sulphoxide, forming several types of open and closed dimers, as well as hydrate and enediol [10] and [15] , hydroxyacetone in water seems to remain a monomer [20] . Both free glycoladehyde [21] and [22] and hydroxyacetone [23] exhibit intramolecular hydrogen bonding that establishes planar CSince there were some discrepancies in the vibrational assignment of the glycolaldehyde bands and no assignment has been done for hydroxyacetone so far, semi-empirical normal coordinate analysis was performed with valence force constants transferred from well established force fields of acetone and acetaldehyde [24] and ethylene glycol [25] , with very few modifications. The purpose of this calculation in the harmonic approximation was to identify the hydroxyacetone bands most sensitive to hydrogen bonding and conformation of the molecule by comparing the calculated bands positions with the observed Raman and infrared bands of water solution of hydroxyacetone (acetol).
Experimental
Raman spectra of liquid acetol in an open glass cuvette were obtained with DILOR Z24 triple monochromator operating in sequential mode, in standard 90° geometry. Commercial acetol (90 wt.% solution of hydroxyacetone in water) was purchased from SigmaAldrich and used without further purification. The substance turned out to be very hygroscopic, and water absorption from the air very pronounced. Therefore in several occassions we used the stream of hot air to evaporate the water from the solution, notifying the spectral changes. The temperature to which the sample was warmed up is estimated to be ∼50 °C, which is much less than the boiling point of acetol (145 °C from manufacturer's data). The vapour pressure at room temperature is estimated to be less than 0.5 kPa. An attempt to record Raman spectrum of vapour failed due to water condensation on windows of quartz Raman cell during the heating of solution.
Vibrational frequencies were calculated in harmonic approximation using program packa ge of Schachtschneider [26] .
Results
Although having similar chemical composition, glycolaldehyde and hydroxyacetone have rather different equipotential energy surface judging by the ones calculated by ab initio methods [14] , [27] and [28] . We define as τ 1 the CH 2 O torsional angle around C 1 -C 2 bond, and as τ 2 the OH torsional angle around C 1 -O 3 bond. In the notation of reference [14] we denote cis conformation with respect to τ 1 with big letter C, and cis conformation with respect to τ 2 with small letter c. In the same manner trans conformers are denoted with T and t. For both molecules the most stable conformer is the one where hydroxyl and carbonyl group are in cis position (as shown in Fig. 4 and Fig. 5 Polarized Raman spectra of acetol are shown in Fig. 1 and Fig. 2 . In Fig. 3 the infrared and Raman spectrum of the acetol previously heated for 15 min in the stream of hot air are compared. This warming up turned out to be a necessity for obtaining a good quality infrared spectrum since the sample sorbes water from the air rather quickly. Two spectral differences were noted in the Raman spectrum on heating: the band at 2854 cm −1 shifts to lower wavenumbers, and a shoulder at 1053 cm −1 becomes a pronounced band at 1028.5 cm −1 . In Table 1 the calculated frequencies for glycolaldehyde are compared to the positions of observed bands form literature, and in Table 2 observed and calculated frequencies for hydroxyacetone are listed. a These refer to results of normal mode calculation for free molecule, the band at 80cm −1 is assigned to CH 2 OH torsion in hydroxyacetone solution.
b Observed in temperature reduced Raman spectrum.
Geometrical parameters needed for normal coordinate calculations were taken from microwave study of glycolaldehyde by Marstokk and M∅llendal [21] and [22] and for hydroxyacetone from the microwave study by Kattija-Ari and Harmony [23] . Both molecules have the plane of symmetry in the gas phase and the calculated frequencies refer to these Cc conformers. The internal coordinates of the two molecules are depicted in Fig. 4 and Fig. 5 . Force constants used in the calculation are listed in Table 3 and Table 4 . 
Glycoladehyde
At present there exist differences in the assignment of glycolaldehyde bands-Michelsen and Klaboe [13] based their tentative assignment on the infrared spectrum of vapor, while Aspiala et al. [14] studied glycolaldehyde in Ar, Kr and Xe matrices by infrared spectroscopy. The greatest to 859 cm −1 infrared band [13] , and in Ar matrix to 749 cm −1 band for Cc conformer [14] . The band at 535 cm Cc conformer [14] . For the other conformer present in the matrix, Tt conformer, δ(COH) is assigned to 1203 cm Altogether there are 12 A′ and 6 A′′ modes belonging to C s group that are calculated (see Table  cm −1 , which differs from the previously mentioned assignments, but is more in accord with the result from microwave study which reported the existence of a low in plane bending mode at 260 cm −1 and a torsional mode at 195 cm −1 [22] . The δ(COH) mode was assigned to 1266 cm 
Hydroxyacetone
Hydroxyacetone is extremely hygroscopic substance. In a few days there is so much water absorbed from the air, that the intensity ratio of 1740 and 1643 cm −1 infrared bands changes from 10 to 2 suggesting the increase of water content from 10 to 50%. Also, there is a high fluorescence emanating from the substance when illuminated with 514.5 nm laser light. One needs to wait for several hours before the system relaxed into the ground state and the level of background signal dropped enough for Raman spectra to be acquired. At low temperatures the fluorescent background signal could not be eliminated.
The results of normal mode calculation for 17 A′ and 10 A′′ vibrations of the Cc conformer are given in Table 2 Of the two lowest internal modes, CH 2 OH torsion and CH 3 torsion, only one seems to be observed at 80 cm −1 in Raman spectra of acetol (see Fig. 6 and Fig. 7) . The low frequency Raman spectrum of liquid was divided by temperature dependent factor contributing to Raman scattered intensity [30] :
where ω 0 is the absolute frequency (in wavenumbers), ω i the Raman shift, h the Planck's constant, and k the Boltzmann's constant. The resulting intensity function is usually denoted R(ω). Methyl libration bands are notoriously weak in Raman spectra [34] , therefore the 80 cm −1 band is attributed to hydroxymethyl torsions. 
Discussion
It was pointed out [23] that the barrier to methyl group rotation in hydroxyacetone is significantly lower (it is 810 J mol −1 ) than in other similar compounds such as acetone or acetaldehyde where it is 3260 and 4890 J mol −1 [23] . The explanation lies probably in the existence of intramolecular hydrogen bond, which causes the shift of electron density from the carbonyl group to the O…H bond [23] . Taking the internal rotation constant B CH3 of methyl group equal to 5.58 cm −1 , with the barrier height V 3 equal to 67.5 cm −1 , than 0A→1A transition of methyl group lies at 67.5 cm −1 (calculated by VIBAR [29] ).
As far as OH torsion in the free molecule is concerned, Aspiala et al. [14] estimated from the ab initio calculations that the barrier would be around 3 kJ mol −1 (250 cm −1 ). In the internal axis approximation, the B OH is 16.18 cm −1 ; with the barrier height V 1 equal to 250 cm −1 , the 0+→1+ transition is calculated equal to 113.5 cm −1 .
Since we do not have any spectra of pure hydroxyacetone, we compare these results with the information available for similar compounds and with the low frequency Raman spectra of water solution of hydroxyacetone (Fig. 6) . At room temperature, the temperature reduced spectrum R(ω) is shown [30] , while the spectrum at 10 K corresponds to a glassy state. [25] . In glycolaldehyde the OH torsion is at 341 cm −1 [14] and the hydroxymethyl torsion at 195 cm −1 [22] .
Bearing in mind the hydroxyl group dynamics in similar compounds discussed above, it seems probable that the broad low frequency Raman band at 80 cm −1 corresponds to CH 2 OH torsions in water solution of hydroxyacetone. As far as OH torsion is concerned, it is assigned to a weak 330 cm −1 Raman band which gains the intensity at 240 K and disappears on further cooling (see Fig. 7 ). The CH 3 internal rotation transitions were not observed.
The unassigned 465 and 552 cm −1 Raman bands are probably skeletal bending bands (corresponding to OCC bending modes) of some other conformer. Also, there are two strong bands at 1083 and 1057 cm −1 in the vibrations, supporting the hypothesis of at least two conformers existing in the solution.
Conclusion
Vibrational with COH bending. It is via the bending mode that the hydrogen bonding manifests itself so sharply.
Also, in Raman spectrum there are two additional bands, at 465 and 552 cm −1 , which are assigned to skeletal deformations of the second conformer. The NMR and UV results on diluted acetol state that hydroxyaceton is 96% in the carbonyl form and only up to 4% in the hydrated form [20] . The results presented here give evidence of at least two conformers of hydroxyacetone in the carbonyl form exist in the 90 wt.% water solution.
